Photonic quantum technologies 1 are on the verge of finding applications in everyday life with quantum cryptography 2 and the quantum internet 3 on the horizon. Extensive research has been carried out to determine suitable quantum emitters 4 and single epitaxial quantum dots are emerging as near-optimal sources 5, 6 of bright 7 , on-demand, highly indistinguishable 8 single photons and entangled photon pairs 9, 10 . In order to build up quantum networks, it is now essential to interface remote quantum emitters. However, this is still an outstanding challenge, as the quantum states of dissimilar "artificial atoms" have to be prepared on-demand with high fidelity, and the generated photons have to be made indistinguishable in all possible degrees of freedom [11] [12] [13] [14] . Here, we overcome this major obstacle and show an unprecedented two-photon interference (visibility of 51±5 %) from remote strain-tunable GaAs quantum dots 15, 16 emitting on-demand photon-pairs. We achieve this result by exploiting for the first time the full potential of the novel phonon-assisted two-photon excitation scheme 17 , which allows for the generation of highly indistinguishable (visibility of 71±9 %) entangled photon-pairs (fidelity of 90±2 %), it enables push-to button biexciton state preparation (fidelity of 80±2 %) and it outperforms conventional resonant two-photon excitation schemes in terms of robustness against environmental decoherence. Our results mark an important milestone for the practical realization of quantum repeaters and complex multi-photon entanglement experiments involving dissimilar artificial atoms.
Introduction
One of the very first requirements to observe ideal on-demand single photon emission is the population inversion of the quantum emitter's excited state. Such a preparation of the quantum state is usually achieved via coherent excitation using resonant laser pulses, leading to an inverted two-level system performing Rabi oscillations 18 Population of the X state as a function of the laser detuning for varying excitation power. While the traditional TPE (blue) suffers from a steep drop in inversion efficiency, a stable plateau can be observed exploiting the QDs phonon sideband (green). The measured data for high excitation powers (7π) are interpolated with an asymmetric-modulated Gaussian function while the low power data (π-pulse) is fitted as a Lorentzian function. (c) Power dependent studies of the resonant TPE with (blue) and without (red) white light. The envelope of the Rabi oscillation is modeled with a single exponential damping. The results of the phonon-assisted excitation scheme are shown as green circles.
We first study the power dependence of the standard resonant TPE in the same excitation conditions and on the same QD ( Fig.1(c) red curve) . Interestingly, the TPE manifests itself as oscillations of the state occupation probability locked to 1 2 . While a possible explanation of this effect is the presence of a chirped laser pulse in conjunction with phonon-induced damping 17, 30 , we show that it is instead connected to the details of the QD environment: The power dependence changes considerably as we additionally illuminate the QD with a weak white-light source ( Fig.1(c) blue curve) revealing traditional phonon-damped Rabi oscillations 31, 32 with state population as high as 88±2 %. We attribute these modifications (which are particularly pronounced at the π-pulse) to saturation of crystal defects located in the vicinity of the QD. In the absence of the white light, these defects release/trap charge carriers, thus giving rise to a fluctuating electric field 33 . We hypothesize that the white light not only stabilizes the electric field experienced by the QD 34 (see below) but also suppresses/saturates recombination channels (probably charged XX states) which hamper the radiative recombination of the XX into the X state. Obviously, for high values of the pulse area, the effect becomes negligible as the carrier-phonon interaction dominates. While the effect of the white light on the Rabi oscillations has never been reported so far, the addition of off-resonant lasers is common practice in experiments performed with QDs driven resonantly 35, 36 , even if the exact origin of its effect is not yet fully understood. We also point out that the effect of the white light on the QD driven with a π-pulse differs from QD to QD, with an increase in the population probability which ranges from 10% to 50% (see Fig.1(c) ). Moreover, the intensity of the white light needed to achieve the optimal conditions is also QD-specific. Thus, the TPE schemes are not ideal for applications in complex networks and experiments with multiple sources. In stark contrast, no remarkable effect of the white light can be observed under phonon-assisted resonant excitation (<5% change in preparation fidelity), probably due to the large laser power needed, which also stabilizes the environment.
Another important advantage of the phonon-assisted scheme is that it is inherently immune to fluctuations of the laser pulse area 3/11 (see Fig.1 (c)) due to its incoherent nature. More specifically, when the state preparation fidelity is maximum, a 10% fluctuation of the pulse area leads to a negligible (<1%) change in the state population. In the standard TPE, the same fluctuation of pulse area gives rise to at least 7% variation in the state fidelity. Finally, we emphasize that the phonon-assisted scheme allows preparing the excited state with very high fidelity, which is as high as 80±2 % for the highest laser pulse area available.
After demonstration of the robust nature of the phonon assisted excitation scheme, we now investigate the quality of the generated photons in terms of entanglement fidelity and photon indistinguishability. We start out measuring the fidelity to the maximally entangled Bell state (see supporting note 1 and 4) using a QD with small FSS (1.3±0.5 µeV). The polarizationresolved XX-X cross-correlation measurements used to estimate the fidelity are shown in Fig.2(a) under phonon-assisted excitation. These data yields a fidelity of f = 90±2 % which is identical (within the experimental error) to the values obtained when the QD is driven under strict TPE (with and without white light, Fig.2(b) ). Therefore, the three different excitation schemes give rise to the same level of entanglement of the emitted photons. This is an expected result, as the fidelity is determined by three main contributions: (i) the relative value of the FSS with respect to the natural linewidth 37 , (ii) recapture processes 38, 39 increasing the multiphoton emission and (iii) the hyperfine interaction 40, 41 single photon purity (ii) and the hyperfine interaction (iii) are not affected by the excitation scheme (see supporting note 3), the fidelity to the Bell state is predicted to remain constant, as indeed measured experimentally ( Fig.2(b) ).
The different excitation methods are instead expected to have a pronounced role in the indistinguishability of consecutive photons emitted by the same QD, as measured in an Hong-Ou-Mandel type experiment 42 on the XX and X photons. The time delay between consecutive photons was set to 2 ns via a Mach-Zehnder interferometer in the excitation path. The observation of the typical two-photon interference quintuplet is presented in Fig.3 , together with the visibility values V X and V XX , which are calculated taking into account the imperfections of the interference beam splitter (see supporting note 1 and 5). If we first take a look at the standard TPE ( Fig.3(a) ), we observe the usual tendency of XX and X photons with visibilities around 60%. The stabilization of the QD environment throughout illumination with the white light source (Fig.3(b) ), however, leads to an evident (slight) increase of the X (XX) visibility. This is reasonable as the X is more sensitive to spectral diffusion mediated by temporally charged defects 33 than the screened potential of the fully occupied XX state. The weaker visibility of the XX transition, on the other hand, can be related to the XX probing an extraordinary noise environment 43 and/or suffers from an initially higher pure dephasing rate 44 . Most importantly, under phonon-assisted excitation of the two-level system ( Fig.3(c) ) a remarkably high level of indistinguishability (comparable to the TPE under white light illumination) can be observed. This demonstrates that the time jitter introduced by phonon relaxation is negligible in our measured values of photon indistinguishabilities. To summarize, the phonon-assisted two-photon excitation scheme not only leads to the generation of highly indistinguishable entangled photon-pairs but it is more robust than the standard two-photon excitation schemes. Yet, this scheme has an additional elegant advantage: it allows performing two-photon interference between remote QDs driven by the same pulsed laser of locked frequency. This is a direct consequence of the wide range of laser detunings that allows to achieve the maximum population inversion and it is in contrast to the traditional two-photon excitation schemes, which instead require a precise control of the laser energy for each individual QD featuring dissimilar XX binding energies. The phonon-assisted two-photon excitation is instead a universal clocked excitation for arbitrary large numbers of QDs, a scalable approach for quantum optics.
The excitation of the remote emitters is timed so that the individual single photons from the two QDs, depicted as ice cubes in Fig.4(a) , overlap on a beam splitter performing two-photon interference. For this experiment, we fabricate a second sample prepared on top of a piezoelectric actuator to provide tunability of the QD emission lines 45 (see methods) and to ensure frequency matching of the photons impinging at the beam splitter. Two X transitions with almost identical lifetimes and high single photon purity from two remote QDs (see supporting note 6) are tuned to the exact same frequency by applying a voltage across the piezoelectric actuator mounted below QD A (Fig.4(b) ). In this condition, the difference in the biexciton binding energy between the two QDs is around 0.1 meV. It implies that under standard TPE, the optimal state inversion for the two QDs cannot be achieved with the same laser (see the discussion above). In contrast, under phonon-assisted TPE we can prepare the two QDs with the highest probability by simply finding the optimum laser detuning for both, which in this special case turns out to be ∆ = 0.36 meV (Fig.1(b) ). The resulting correlation measurements are depicted in Fig.4(c) for the cross-and
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co-polarized configurations. We would like to point out that in contrast to the two-photon interference of consecutive photons ⊥ (0) even when the average intensities of the two emitters are kept the same 46 . Thus, it is crucial to first determine the cross-polarized correlation and to evaluate the real remote two-photon interference visibility V remote as follows:
⊥ (0)
The optimized value for the overlap of the individual photon energies is then found by sweeping the X transition of QD A in steps of voltages that modify the energy on the order of a fraction of the linewidth, as demonstrated in Fig.4(d) . By doing so we report on a remote interference visibility as high as V remote = 51±5 %, one of the highest value ever observed for QDs without the need of any temporal/spectral selection. So far only coherently scattered 47 or Raman photons 48 from remote QDs achieved higher two-photon interference visibilities. However, these excitation schemes cannot be used to generate pairs of photons and does not allow for the on-demand state preparation, both important prerequisites for quantum relays based on entangled photons from QDs 49 
